M icrovascular free flap reconstruction is a versatile option for coverage of a multitude of large tissue defects in fields that include surgical oncology, trauma, orthopedics, head and neck surgery, and breast reconstruction. Success rates quoted in the literature range from 91% to 99% and are likely due to advances in the development of microsurgical equipment, more prevalent surgical expertise and improved surgical materials and instrumentation (1) . Despite the success of free tissue transfers, a small number of flap-related complications continue to occur. Six percent to 14% of free flaps are re-explored due to vascular complications (2, 3) . They often present early in the postoperative course, with 95% of failing flaps presenting within 72 h of surgery (2, 4) . Postoperative monitoring of free flaps is usually most intense in this period. Flaps with vascular compromise detected early are promptly re-explored resulting in a higher flap salvage rate (2) . Nonvascular complications are usually wound related and present later in the postoperative course (5) . However, flaps with vascular compromise detected in the late postoperative period have a high likelihood of failure due to the associated lengthy ischemia times and the onset of irreversible tissue loss (3) . Cusano and Fernandes (3) documented that nonburied flaps with vascular compromise clinically detected within 48 h after surgery have a 77% flap salvage rate whereas failure of buried flaps went unrecognized until a wound complication manifested (generally >7 days postoperatively). This resulted in later re-exploration and a flap salvage rate of 0% (3). Bui et al (1) found in their retrospective review of 1193 flaps that 76% of head and neck flaps requiring re-exploration did so within five days of the initial surgery. Hence, the survival of flaps with vascular compromise is inversely proportional to time to detection of the defect and time to re-exploration to salvage the failing flap (3, 6) . Therefore, monitoring techniques that facilitate early detection of vascular compromise are essential in the postoperative care of these patients.
Traditionally, clinical monitoring of free flaps in the postoperative period was considered to be the gold standard. This required a clinician to monitor the flap's physical characteristics for colour, turgor, swelling, capillary refill time, temperature, bleeding characteristics after a pin prick or a combination of these approaches (1, 3) . Some surgeons would also include use of the external or handheld Doppler ultrasound device (ED) in this category. However, in the pursuit of techniques to reduce the time to detection of flaps with vascular compromise, various newer modalities have been developed such as the implantable Doppler ultrasound probe (ID), pulse oximetry, laser Doppler flowmetry, colour Duplex sonography, near infrared spectroscopy, visible light spectroscopy, and tissue pH monitoring with microdialysis (4). While previous surveys have shown that the adjunctive use of postoperative monitoring devices (including the ID and the ED) to be superior to clinical monitoring in improving flap salvage rates, whether one device is better than another continues to be a topic of much debate in the surgical literature (6) (7) (8) .
In 1975, Creech and Miller outlined the criteria they considered essential for the "ideal" free flap monitoring device (6, 9) . These were later supplemented by Jones in 1983 and include safety to the patient and flap, applicability to all flap types, rapid response to blood flow changes, accuracy, affordability and ease of interpretation (4) . The ID probe fulfills most of these criteria (9) . Its continuous data stream also makes a rapid response to suspected flap compromise possible (9) . Additionally, the ID has an advantage in monitoring buried flaps where clinical or ED monitoring would be virtually impossible without exteriorizing a vascular component or creating a surgical window for monitoring on the surface of the skin above the flap (10, 11) . Although there is an additional cost associated with its use, many authors have justified the expense in comparison to the huge cost associated with flap failure (9). Rozen et al (12) performed a versatile cost benefit analysis of the ID and found the expenditure of US$20,000 would potentiate the salvage of one additional flap, a cost that would be far outweighed by the expenditure for the surgical management of a failed free flap. In addition to the surgical cost of replacing the flap, the physical and emotional devastation to the patient and the impact on the surgeon's operative record cannot be overstated (13) . At this time, only 16% of surgeons utilize the ID in routine practice compared with 75% who use the ED device (14) .
The purpose of the present retrospective study was to compare the effectiveness of the ID probe with that of the ED device in the postoperative monitoring of free flaps. We hypothesized that the time to detection of vascular compromise and the postoperative time to reexploration are shorter with the ID probe compared with the ED device thereby resulting in a higher flap salvage rate.
METHODS
The study was approved by the Institutional Review Board at the University of Texas Health Science Center at San Antonio (Texas, USA). A retrospective chart review of 167 consecutive patients undergoing 176 microsurgical free tissue transfers from January 1, 2000 to December 12, 2008 at University Hospital in San Antonio, Texas, was performed. The surgical procedures were performed by two senior head and neck surgeons and four senior plastic and reconstructive surgeons, thereby minimizing temporal bias related to the practitioners' experience levels. This institution is also an experienced microsurgical centre performing a wide range of such procedures.
Electronic medical records at University Hospital were screened in the given time period using International Classification of Diseases and Current Procedural Terminology codes consistent with free tissue transfers. All patients with free flap reconstructions were included as subjects in the study. Demographic, intraoperative and postoperative data were obtained from the medical records. Each patient's chart was reviewed to determine age, sex, body mass index, preoperative medical history, nutritional status, American Society of Anesthesiologists classification and history of steroid use, chemotherapy and radiotherapy. The operative report was reviewed to determine whether the procedure was elective or due to traumatic injury, the flap used for the reconstruction, total operative time, primary flap ischemia time, fluid administration, estimated blood loss, the administration of blood for transfusion, use of venous couplers and need for intraoperative revision. Postoperative data included the monitoring technique used (ID versus ED), anticoagulation regimen, the use of vasopressors, the administration of blood for transfusion, urine output (mL/h), peripheral oxygen saturation <92%, body temperature >101.5F and mean arterial pressure <60 mmHg for the first 72 h after surgery.
Definitions and variables
Primary ischemia begins when the surgeon transects the vascular pedicle (15) . This is the time when the flap is inset onto the recipient site and the vascular anastomosis is performed (15) . Secondary ischemia occurs when the vascular pedicle becomes compromised (15) . This generally requires re-exploration to salvage the flap thereby preserving flap viability. Four operative parameters were defined in the following manner: operative time was defined as the period from the start of the operation by the surgeon to the end time; time to detection of a complication was defined as the period from the end of the operation to the time the complication was first documented in the medical chart; and time to reoperation was defined as the period from the first documentation of a suspected complication to the anesthesia start time. In addition, the sum of the time to complication and the time to reoperation was calculated to analyze the postoperative time to reexploration of a suspected failing free flap. 
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Surgical complications were defined as those necessitating a second operative intervention. Complications requiring reoperation were further categorized according to vascular-and non-vascularrelated problems. Vascular-related complications included arterial or venous thrombosis, arterial vasospasm, venous outflow problems and technical anastomotic problems. Non-vascular-related problems included wound-related complications such as wound infection, necrosis, dehiscence, seromas and hematomas. The final outcome for each flap was classified as complete salvage (resulting in no loss of the flap), partial salvage (resulting in partial loss of the flap) or complete failure (resulting in total loss of the flap).
Outcome measures
Sensitivity and specificity were calculated for each monitoring device with values obtained for true positives, true negatives, false positives and false negatives. They reflect the traditional objective assessment indicators for comparing diagnostic techniques. To account for the time-dependent nature of postoperative free flap monitoring, the flap salvage rate and the false-positive rate were also calculated. These two rates constitute the study's primary outcome measures. The flap salvage rate is the proportion of compromised flaps that was salvaged with reoperation and reflects the effectiveness of the respective monitoring device in early detection of vascular compromise (6) . The false-positive rate is the number of compromised flaps with false positive alarms divided by the total number of uncompromised flaps and reflects unnecessary re-exploration in the absence of true vascular compromise (6) . The secondary outcome measure calculated was the false negative rate. This is the proportion of flaps without an alarm from the respective monitoring device that was found to have vascular compromise on re-exploration. The decision to re-explore false-negative cases was based on clinical diagnosis of flap compromise in the absence of a device alarm. Clinical changes suggestive of flap compromise included altered appearance and colour, temperature and capillary refill despite the absence of a change in signal for flaps monitored by either the ED or ID probe.
Statistical analysis
Continuously distributed outcomes were summarized with the sample size, mean, standard deviation, median, minimum and maximum and categorical outcomes were summarized with counts, percentages and n/a n/a n/a Vein 3 (3.0) n/a n/a n/a Both 69 (69.7) n/a n/a n/a 
Microsurgical details
For the ID group, the Cook-Swartz ID flow system (Cook Medical, Cook Ireland Ltd, Ireland) was used. The probe was applied to either the venous (3%) or arterial (27.3%) pedicle with a silicone cuff and secured in place with suture or microclips. For the remainder of the flaps in this group (69.7%), separate probes were used on both the artery and the vein. For the ED group, the device was applied to the surface of the skin to detect perfusion of the underlying vascular pedicle. The location of the vascular pedicle was marked at the end of surgery on the skin with a superficial suture or a surgical marker protected by a clear adhesive dressing. This allowed nursing staff and other members of the care team to use this landmark for frequent flap checks postoperatively. All patients following microsurgical free tissue transfers were admitted to the surgical intensive care unit (SICU) at University Hospital. All flaps were monitored clinically in the postoperative period. Nursing staff routinely performed hourly clinical examinations while patients were in the SICU. In particular, they were instructed to monitor the venous outflow for clinical signs of venous congestion. Additionally, the patency of the flap's vascular pedicle was assessed with either the ID probe placed at the time of surgery (continuous signal) or the ED device (hourly). The decision to apply either device was made by the performing surgeon based on anatomic considerations, the type of flap created and preference based on previous training and experience.
Any suspicion of flap compromise by the nursing staff, either by a change in the clinical examination or loss or change in the intensity of the Doppler signal, prompted review by the resident or surgical faculty on call. The decision to reoperate was based on the surgeon's overall clinical judgment. Clinical monitoring of flaps continued until the patient was discharged from the hospital. The ID group was monitored continuously until discharged home and the probe wire was removed at the bedside before discharge. Patients in the ED group were monitored every hour while in the SICU, then every 2 h to 4 h on a general surgical ward until discharged home.
RESULTS
Of the 176 flaps performed in the present study, 101 flaps (57.4%) were monitored in the ID group and 75 flaps (42.6%) in the ED group. Seventy-eight flaps (77.2%) in the ID group and 50 flaps (66.7%) in the ED group were performed for nontraumatic indications (P=0.13). There were no significant differences between the number in each monitoring group (P=0.56) as well as in the demographic characteristics between the two groups ( Table 1 ). The rectus abdominis flap was the most common type of flap performed in both groups. Significantly more rectus abdominis (ID 20.5%, ED 23.9%; P=0.01) and anterolateral thigh flaps (ID 17%, ED 0.6%; P=0.0001) were performed in the ID group. There were no significant differences in the number of other types of flaps between the two groups ( Table 2 ). The ID group had a larger proportion of fasciocutaneous flaps (38.6%, versus ED 4.0%; P=0.0001) and the ED group had more myocutaneous flaps (85.3%, versus ID 50.5%; P=0.0001).
Intraoperatively, more patients in the ID group had venous anastomoses created with a coupler device (ID 44.9%, ED 25%; P=0.008). Patients in the ID group were more frequently hypotensive with a mean arterial pressure <60 mmHg (ID 20.5%, ED 8.0%; P=0.017) and administered vasopressors (ID 23.3%, ED 10.2%; P=0.024; Table 3 ). While there was no difference in the number of patients receiving intraoperative fluids, more patients in the ID group were administered blood for transfusion (ID 13.6%, ED 3.4%; P=0.008). However, there were no differences between the groups with anastomotic revision rates (ID 8.5%, ED 2.8%; P=0.15) and the length of initial surgery (ID 579.8 min, ED 506.2 min; P=0.46). Additionally, there were no differences in the use of vasopressors (ID 1.1%, ED 0.0%; P=0.50) and blood transfusions (ID 13.1%, ED 8.0%; P=0.35) in the postoperative period. Postoperatively, more patients in the ED group experienced febrile episodes (ID 10.2%, ED 19.3%; P=0.001). Additionally, patients in the ID group were more frequently placed on various anticoagulant regimens in the postoperative period (ID 59.3%, ED 32.3%; P=0.0001) while those in the ED group were more likely not to have received postoperative anticoagulation (ID 0.6%, ED 7.8%; P=0.0001). There were no other significant differences in intraoperative or postoperative characteristics between the groups (Table 3) .
Of the 44 flaps in the study with complications, one-half were in the ID group and the other one-half in the ED group (ID 21.8%, ED 29.3%; P=0.29; Table 4 ). Regarding the specific postoperative flap complications, the number of hematomas was significantly higher in the ID group than in the ED group (ID 7.9%, ED 2.7%; P=0.03). Comparison of other vascular and nonvascular complications revealed no significant differences in the number of flaps between the two groups (Table 4) . In the ID group, three of the 22 flaps with complications were not re-explored (Table 4 ). The first was a rectus abdominis flap to the lower extremity that developed a minor infection and was successfully treated nonoperatively. The second was a latissimus dorsi flap to the face that developed a hematoma after removal of a suction drain. The flap was clinically assessed by the faculty attending and it was concluded that the hematoma was not a threat to the viability of the flap. This flap was successfully treated by conservative means. The third flap was for a patient who became hemodynamically unstable in the postoperative period in the SICU. The patient was considered to be too unstable for re-exploration and received appropriate resuscitation in the SICU. Both patient and flap ultimately survived. In the ED group, all 22 flaps with complications were re-explored.
Flap survival and losses are summarized in Table 5 . There was a significant difference in overall flap survival (ID 98.0% versus ED 89.3%) and total flap loss (ID 2.0% versus ED 10.7%) on c 2 analysis between the two groups (P=0.03).
Postoperative outcome measures are summarized in Table 6 . The number of compromised flaps did not differ (ID 21.8%, ED 29.3%; P=0.29; Table 5 ), as did the proportion of flaps that was successfully salvaged (ID 90.9%, ED 63.6%; P=0.068; Tables 5 and 6 ). There were no significant differences between the two groups for the false-positive (ID 0%, ED 3%; P=0.18) and false-negative rate (ID 0.0%, ED 4.5%; P=1.0). Similarly, there were no significant differences in the median time to detection of complications (ID 55.4 h, ED 52.7 h; P=0.22), median time to re-operation after detection of complications (ID 7.5 h, ED 2.9 h; P=0.40) and the median postoperative time to re-exploration (75.5 h, ED 96.2 h; P=0.43; Table 7 ). However, on analysis of complications occurring 48 h to one week after initial surgery, the median postoperative time to re-exploration was significantly less in the ID group (ID 74.5 h, ED 136.8 h; P=0.05) than the ED group (Table 8 , Figures 1 to 4) . The most common cause in this postoperative period discovered on re-exploration was flap hematoma with extrinsic compression of the vascular pedicle for the ID group (Table 9 ) and flap infection for the ED group (Table 10) .
DISCUSSION
Microvascular free tissue transfer is a highly successful technique for coverage of large tissue defects throughout the body. Although successful, the consequences of flap failure can be very costly to remedy, emotionally devastating to the patient with the prospect of repeating major surgery and professionally detrimental to the reconstructive surgeon (12, 13) . Whether the use of the ID probe offers an advantage over the ED device in increasing flap salvage rates continues to be debated in the medical literature (6) (7) (8) . The purpose of the present study was to compare the effectiveness of the two monitoring devices in reducing the time to detection of complications and the time to re-operation resulting in a higher rate of salvage of failing flaps.
The sensitivity of the ID was found to be superior to that of the ED (100% versus 89%; Table 6 ). This substantiates our finding of a lower false negative rate for the ID (ID 0.0%, ED 4.5%) and implies that this device is superior for postoperative screening of vascular complications. 
Figure 2) Timing of complications detected as a function of type of monitoring device used
However, the difference in the false-negative rates for the two devices was not statistically significant (P=1.0). Additionally, the calculated specificities were also comparable (ID 100%, ED 97%). The low falsepositive rates (ID 0%, ED 3%) found in the present study imply that the monitors were not likely to detect vascular compromise incorrectly leading to few unnecessary interventions. They were consistent with the high specificities but the difference was also not significant (P=0.18). These findings together indicate that both devices are effective for postoperative screening of free flaps for vascular complications and are reliable indicators for diagnosing the presence of complications. The study also found high positive (ID 100%, ED 80%) and negative predictive values (ID 100%, ED 98%) for both devices. Therefore, in the face of a positive alarm from either device, the surgeon should proceed with re-exploration of the flap to confirm the presence of a vascular complication and correct the defect before irreversible tissue loss can occur. The sensitivity of the ID has been reported as 100% in several previous studies (16) . Swartz and colleagues noted an improvement in sensitivity from 66.7% to 100% when the probe was used for monitoring the venous pedicle rather than the artery (17) . Specificity of the ID has been a subject of more debate since studies before 2006 quoted a wide range for the false-positive rate, up to 88% (16) . However, it is evident that the high false-positive rate in those older studies was due to the learning curve for interpretation associated with introduction of the device into clinical practice because more recent studies quote specificity as high as 98.7% (16) (17) (18) (19) . Therefore, departments whose staff are experienced in the use of the ID can be confident in their interpretation of a signal alarm and proceed with re-exploration. With less experienced staff, it may still be necessary to consider use of a complementary test in ambivalent cases, such as bedside colour Duplex flowmetry, before proceeding with re-exploration (10, 16, 20) . In both scenarios, it is always prudent to base the final decision to reexplore on the overall clinical condition of the patient and the flap.
Because study of the ED has been traditionally included in clinical postoperative monitoring of free flaps, dedicated sensitivity and specificity values are infrequently documented in the literature. Therefore, a comparison with previous studies in terms of these indices is not possible for this device.
The problem with descriptive statistical analysis is that it is does not acknowledge the time-dependent nature of postoperative monitoring of free flaps. In this regard, we identified the primary outcome measures (flap salvage rate, false positive rate) for this study as outlined by Whitaker et al (6) and Lineweaver (7) . These are true measures of the effectiveness of a monitoring device because they are independent of the surgeon's decision making (6) . We identified the false-negative rate as the secondary outcome measure because it is a theoretical index of the effectiveness of a monitoring device. However, it is dependent on the surgeon's decision to reoperate in the case of a positive alarm from the respective device and is, therefore, more subjective (6).
Number of flaps
Postoperative time intervals In the present study, the difference in the flap salvage rate was not significant (ID 90.9% versus ED 63.6%; P=0.068). This is the second study that has sought to compare the effectiveness of the ID with the ED. The first study by Lohman et al (14) examined 38 consecutive patients with free flaps with only five developing signs of vascular compromise in the postoperative period. Two of these flaps had a diminished signal from the ID monitor and a third had diminished signals from both ID and ED devices. Kind et al demonstrated a flap salvage rate of 100% and a false-positive rate of 3.4% for the ID in their series of 147 free flaps in 135 patients monitored with this device, results comparable to our own findings (21) . Both of these studies were limited by a small number of compromised flaps making the conclusions susceptible to type II error. In our study, we examined 176 flaps with a larger number of complications in either group and should, therefore, be able to make a more definitive analysis of the findings. However, the difference in the flap salvage rate was not significant. We anticipate with further study in a larger series of patients, this difference would show greater statistical significance.
The overall flap survival rate in the ID group (98%) was comparable to that of the ED group (89.3%) and did not differ significantly (P=0.26). This is not an indicator of the effectiveness of the postoperative monitoring device but rather the quality of the initial surgery (7). However, the proportion of flaps suffering total loss was higher in the ED group than for the ID (ID 2.0% versus ED 10.7%; P=0.03; Table 5 ). Additionally, there were more complications for the ID group with successful salvage on reoperation occurring up to one week into the postoperative period (Table 9) while there were more instances of unsuccessful salvage for the ED group in the same time period (Table  10 ). Our study also revealed several instances of slowly accumulating flap hematomas in the ID group as evidenced by their detection in the postoperative time period 48 h to one week. Several of the flaps with total losses in the ED group were due to flap infections and one hematoma (Table 10 ). It is possible that hematomas were not recognized early enough in the ED group compared with the ID group leading to subclinical vascular compromise and the onset of more wound-related complications in the late postoperative period. Furthermore, four of the five complications for the ID group in the 48 h to one week postoperative period were associated with signal changes that were true positives (three venous and one arterial), resulting in successful salvage of all flaps. There were six flap complications for the same time period in the ED group with only two associated with signal changes. Only one of the six flaps survived and for this flap, there was no abnormality in the ED signal before clinical detection. One possible explanation for these differences is that the ID was able to reduce the median postoperative time to re-exploration in the period 48 h to one week after initial surgery (ID 74.5 h, ED 136.8 h; P=0.05; Table 8 ; Figure 1 ), thereby reducing secondary ischemia times for those flaps and avoiding irreversible tissue necrosis. Previous studies have recommended close postoperative monitoring of free flaps for the first 48 h to 72 h and at least one other study advocated for monitoring for up to one week (1, 22) . Our analysis suggests a benefit for monitoring with the ID for up to one week to maximize the opportunity to salvage flaps with later onset of complications. There were several limitations to our study. This was a retrospective chart review for flaps performed at our single institution over an eightyear period. This may introduce bias into our analysis. Unfortunately, most of the studies in the past 30 years examining the issue of postoperative monitoring of free flaps have been retrospective in design with small numbers of patients enrolled and occurrences of flap failures (2, 13, 23, 24) .
The second limitation was the difference in the type of flaps performed with the ID group having more fasciocutaneous flaps and the ED group having predominantly myocutaneous flaps. The critical ischemia time is the maximum duration that a flap can tolerate complete loss of perfusion and remain viable once circulation is restored and is dependent on the types of tissue that constitute the flap (15) . Skeletal muscle is most susceptible and in myocutaneous flaps, the average primary critical ischemia time is 9 h while the average secondary critical ischemia time is 11 h (15). Fasciocutaneous flaps are more resistant to the effects of ischemia and therefore can tolerate a longer critical ischemia time (15) . Therefore, flaps in the ED group for the present study would be more susceptible to flap losses with potential for confounding the results of our analysis.
Another potential confounding factor was the difference between groups in the use of intraoperative anastomotic coupler devices for the venous pedicle. These devices assist the surgeon to reduce the primary ischemia time associated with performing a traditional hand-sewn anastomosis (25) . They also facilitate the creation of anastomoses with moderate vessel diameter discrepancy and the surgeon is better able to inspect the everted ends of the vessels before final closure (25) . The disadvantages associated with use of venous couplers include vessel twisting and endothelial trauma when applying the device (25) . Despite these problems, several series have shown that the failure rates for sutured and coupled venous anastomoses are similar (4, 25) . The effect of this confounding factor on our results should be minimal.
Intraoperatively, there were also differences in the number of patients with hypotension, vasopressor use and administration of blood transfusions. However, there were no differences in the length of initial surgery and postoperative use of vasopressors and blood. Therefore, the difference in intraoperative resuscitative measures resulted in no significant differences in the same indices in the postoperative period.
The focus of the present study was not to explain problems of interpretation of the devices by less experienced staff. However, we found that our nurses had difficulty interpreting a positive signal from the venous probe. We started using the ID by applying separate probes to the arterial and venous pedicles. Detection by the ID depends on which pedicle is being monitored. Venous probes have been found to be able to detect venous occlusion immediately and arterial occlusion within a mean (± SD) time of 6±2.4 min (3, 26) . Arterial probes can detect arterial occlusion immediately but detection of venous occlusion is delayed to 220±40 min (3, 26) . However, we became concerned for the potential that nurses would rely solely on flawed interpretation of the venous signal at the exclusion of clinical judgment. The goal in all cases was to monitor the flap closely to detect vascular compromise as soon as possible. Further study into the differences in interpretation by various members of the postoperative care team would be beneficial. Additionally, the application of the probe to various pedicles could introduce selection bias into the results obtained.
Finally, the higher proportion of patients on anticoagulant therapy in the ID group might have been responsible for the increased number of hematomas detected. Ninety-five percent of reconstructive surgeons use some type of anticoagulation regimen following free tissue transfers (4). Several previous studies have shown that the risk of hematoma formation with most anticoagulation regimens is low except with the use of high-dose heparin treatment. Considering that a higher proportion of our ID group was placed on this type of therapy compared with the ED group, the use of anticoagulation might be a potential confounding factor.
CONCLUSION
There was no difference in the flap salvage rate between the groups. Our analysis over an eight-year period suggests a potential benefit for the ID with a lower postoperative time to re-exploration in the period 48 h to one week after initial surgery. Due to the small number of positive results characteristic of studies of this type, there was difficulty in attaining statistical power as well as controlling for potential confounding factors. A prospective randomized controlled trial with larger patient enrollment should be more resistant to the effects of these limitations and hopefully produce more robust conclusions by equivalent comparison of the two devices in the postoperative monitoring of free flaps.
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